Hybrid wave farms, consisting of different types of Wave Energy Converters (WECs), have rarely 2 been investigated so far. In this work we propose a hybrid wave farm consisting of Oscillating 3
Introduction

25
Generated by wind, ocean waves may be regarded as a concentrated form of solar energy. 26
The wave energy resource has been assessed in a number of areas, and the overall conclusion is 27 that the resource is vast, but its spatial and temporal variability is considerable (e.g., Iuppa The wave power that can be absorbed by a single Wave Energy Converter (WEC) is naturally 36 limited. If wave energy is to provide a significant contribution to the energy mix, wave farms, i.e. 37
arrays of WECs, must be deployed (Falcã o, 2010) . Unlike a single WEC working in isolation, the 38 evaluation of the performance of a wave farm is all the more complex because of the 39 hydrodynamic interaction between the WECs in the farm, which is significantly influenced by the 40 dimensions and layout of the WECs, the incident wave direction and other parameters. 41
In this work a wave farm, consisting of different WECs (and hereafter referred to as a hybrid 42 wave farm) is considered. More specifically, Oscillating Water Columns (OWCs) andflap-type WECs was also analytically investigated by Renzi and Dias (2013a; 2013b) and Sarkar 23 et al. (2014) . Unlike a line of heaving buoys, an array of flap-type WECs was found to be capable 24 of exploiting the resonance of the transverse modes, resulting in high capture factor levels ( Renzi 25 and Dias, 2013a). The analytical study of five layouts of 13 flap-type WECs revealed that a 26 slightly staggered arrangement achieved better power extraction in random seas than an in-line 27
arrangement (Sarkar et al., 2014a). Besides, Sarker et al. (2014b) developed a mathematical model 28
to address the problem of interaction between a flap-type WEC and a PA. Assuming a reasonably 29 large distance of separation between the two WECs, the interaction between them by the 30 evanescent modes of the disturbed potential were neglected. 31
Apart from analytical methods, various numerical simulations have also been widely used in 32 the study of wave farms, especially when the WECs have complicated geometries. Babarit (2010) 33 modelled wave farms composed of two either surging or heaving WECs using the Boundary 34 Element Method (BEM). The alteration of the absorbed power due to wave interaction effects was 35 found to decrease with the square root of the spacing between the WECs. Later, Göteman et al. 36 (2014) studied different methods of reducing the power output fluctuations of a wave farm of PAs, 37 which included varying: the number of PAs, the separating distance between units, the incoming 38 wave direction, etc. The influence of the interactions between bodies on the overall annual energy 39 production of larger wave farms (consisting of 9 to 25 PAs) was assessed by Borgarino et al. of WECs and wave directionality on the power absorption of wave farms composed of two-body 2 heaving WECs. The BEM was also applied by Wu et al. (2017) to study the power capture 3 performance of an array of solo Duck WECs. A better performance of this farm in capturing wave 4 power was presented for the arrays with Duck WECs of smaller width. To investigate interaction 5 of ocean waves with OWCs, Nader (2013) developed a fully numerical three dimensional (3D) 6 finite-element model (FEM) in the framework of the inviscid potential flow theory. Although FEM 7 is very limited in terms of computational domain size due to the computing resources required for 8 the discretisation of the entire water volume, it was deemed better suited to the consideration of 9 internal air pressure effects of OWC and weakly non-linear effects. A FEM-based software was 10 later used by Renzi et al. (2014) to investigate the dynamics of a wave farm made by flap-type 11
WECs in the nearshore, showing that the excitation torque could be maximized when the 12 incident wave acts simultaneously and non-symmetric layouts could be detrimental to the To the authors' knowledge, most of the previous research works, whether analytical, 29 numerical or experimental, dealt with wave farms consisting of a single type of WEC (and mostly, 30 also a single geometry). In this paper, the authors propose a hybrid wave farm, which is composed 31 of both OWCs and PAs. The hydrodynamic study is the first step toward evaluating the 32 motion/pressure response and performance of a hybrid wave farm in capturing wave power from 33 ocean waves. In this work we develop a semi-analytical model for a hybrid wave farm consisting 34 of any number of OWCs/PAs. The semi-analytical model is validated by comparing the results 35 using different analytical approaches against numerical ones and is further adopted to evaluate 36 effect of wave incident direction and spacing distance between WECs on hydrodynamic 37 performance of the farm with two different deployment configurations. 38
The rest of this paper is organized as follows. Section 2 presents the governing equations and Generally, all OWCs and PAs in the hybrid wave farm are free to oscillate independently in 4 six degrees of freedom. Assuming that the fluid is isotropic, incompressible and inviscid, and that 5 the wave amplitude is small, linear potential flow theory may be adopted to describe the 6 hydrodynamic problem. The total spatial velocity potential  may be decomposed into the 7 incident, diffracted and radiated wave spatial potential as follows: 8 Wave radiated potential due to the OWC air pressure oscillation inside the chamber of OWC 15 n: 16 and '(n)' represent the corresponding wave diffracted potential, the radiated potential due to the 5 motion of Float n in i-th mode and the radiated potential due to the air pressure oscillation inside 6
Float n's chamber, respectively. In different regions, applying the variables separation method, the 7 suitable general spatial potentials can be expressed by a complex Fourier series as follows: 8 given by (Falnes, 2002 The continuity conditions for the spatial potentials are given as follows: 12 1) Continuity of pressure at the boundary rj=Rj (j=1, 2, … M+N): 13
Method of computation for unknown coefficients
2) Continuity of pressure at the boundary rj=Ri,j (j=1, 2, … M): 15
3) Continuity of normal velocity at the boundary rj=Rj (j=1, 2, … M+N): 17 
,, cos sin
4) Continuity of normal velocity at the boundary rj=Ri,j (j=1, 2, … M): 3
Upon substituting the diffracted and radiated spatial potentials in Eqs. 
Sn represents the wet surface of Float n. 8 
Hydrodynamic coefficients 9
When the water column inside the chamber or the floats oscillates in the absence of an 10 incident wave, the radiated wave reacts with an upward flux at the water surface inside the OWC 11 chamber, so-called radiation volume flux, and forces on the floats, so-called radiation forces. 12
The complex amplitudes of radiation volume flux due unit amplitude velocity oscillation of 13
Float n oscillating in i-th mode can be respectively written into imaginary and real parts as: 14 The method for calculating the hydrodynamic coefficients as given in Eqs. (29)~ (30) is 25 straightforward based on the definitions of radiation volume flux and radiation forces. To 26 distinguish this method from the others proposed below (Section 4.3), it will be referred 27 13 henceforth as the "direct method". 1
Hydrodynamic coefficients in terms of wave excitation volume flux/forces
2 It is known that there is a Haskind relation between wave diffraction and radiation problems 3 (Falnes, 2002) , and therefore the hydrodynamic coefficients can be written in terms of wave 4 excitation volume flux and wave excitation forces as:
where '*' denotes the complex-conjugate, vg is the wave group velocity expressed as 10
Model validation
12
To validate the hydrodynamic analysis model, we consider a hybrid wave farm consisting of 13 four truncated floats, in which two are OWCs and the other two are PAs (Fig. 2) . All of these 14 structures are half submerged in the water. Table 1 gives a list of the dimensions of the floats. In 15 addition, the physical parameters such as the water depth h and the sea water density ρ are listed in 16 where R0 is a reference length, which is chosen as the average radius of the floats as R0=4.0 m for 11 the case as given in Fig.2 and Table 1 ; j=2 for i =1~3; whereas j=3 for i =4~5. , 2011) , is adopted to study the wave diffraction and radiation problem from the 4 same case as given in Fig. 2 and Table 1 as a comparison. The CPU time required to achieve the 5 numerical simulation using 8916 wetted elements is about 16 mins for each frequency. 6
The semi-analytical model described above has been implemented as a house developed 7 computer code in FORTRAN programming language. In our computations for the case as given in 8 Fig. 2 and Table 1 , a convergence analysis is carried out to obtain accurate results using the 9 eigen-series analysis. In Figs. 3 and 4 , the convergence study of the wave excitation volume 10 flux/forces and hydrodynamic coefficients are presented to illustrate the impact of the angular and 11 vertical truncated cut-offs (i.e., in terms of m0 and l0), respectively. In order to obtain the converged results, m0≥4 and l0≥25 are suggested as learnt from Figs. 4 3 and 4. Hereinafter, m0=5 and l0=30 are adopted. The CPU time required for solving the 5 diffraction and radiation problem for each wave frequency is merely about 30 seconds by the 6 semi-analytical model, providing a more efficient tool than numerical models. 7
The semi-analytical and numerical results for wave diffraction and radiation are presented 8 below. 
Wave radiation 6
The results for wave radiation problem are illustrated in Fig. 6 . which are also satisfied as shown in Fig. 6 . 8
The good agreement between the semi-analytical results using different approaches and 9 numerical ones shows that the semi-analytical model works pretty well in dealing with wave 10 radiation problem by the hybrid wave farm. 11
Results and discussion
12
The geometries of OWCs and PAs used in the hybrid wave farms to be studied are selected as 13 those previously adopted by Nader (2013), Konispoliatis 
Two different array configurations of a hybrid wave farm consisting of two OWCs and two 20
PAs, denoted as ＃H1 and ＃H2, respectively (Fig. 7) , will be examined in this section. The 21
OWCs and PAs are placed at the angles of a square. The distance between the devices in the same 22 row or column is denoted by L. 
Effect of incident wave direction 4
In this subsection, the effect of the incident wave direction (β) on the hydrodynamic 5 performance of the hybrid wave farm is studied. The hydrodynamic coefficients are independent 6 of β, as indicated in Sections 2~4; nevertheless, the wave excitation volume flux/forces are 7 strongly dependent upon β. 8 1.03, 1.68, 2.10, 1.34 and 1.21 at kh =3.14, 3.08, 3.08, 3.02, and 3.20,  6 respectively, for β=0, 0.25π, 0.5π, 0.75π and π. While the peaks of other one occurs at kh=3. 32, β=0.25π . Note that for β=-0.25π, the incident waves propagate along 7 the diagonal line from OWC 1 to OWC 2, nevertheless it is found that That is to say, the excitation volume flux of lee-side OWC is larger that of the sea-side one in 1 these wave conditions. This could be caused by the diffracted waves from the two PAs toward 2 OWC 2. A similar behavior is also observed with 
F . 4 5
For #H1 in wave conditions with kh=3.3 (see Fig.10a ), the wave excitation volume flux of 6 sea-side OWC (OWC 2) is always larger than that of the lee-side one (OWC 1), i.e.,
The largest value of ( OWCs in front of the two PAs. 7
As given in Fig.11 , for #H2 in which the two OWCs and PAs are deployed diagonally, as the 8 incident direction of the waves with kh=3.3 increases from -0.25π to 0.25π, the excitation volume 9 flux of sea-side OWC, i.e., ( -β. As illustrated in Fig.11c,  14 for kh =3.3, the heave excitation force acting on sea-side PA (PA 1), i.e., 3 are rather large with such wave incident 25 direction as shown in Fig. 11 . 26 
Effect of WEC spacing 27
It will be shown in this section that the device spacing, i.e., the distance between two WECs 28 in the same row or column (L), also plays a significant role. We have learnt from Section 6.1 that 29 β=π and 0.25π are good choices for hybrid wave farms #H1 and #H2, respectively, for certain 30 specified wave conditions (e.g., kh=3.3) and L/h=0.75. In this section we discuss the effect of L/h 1 on the performance of wave farms with β=π and 0.25π employed for #H1 and #H2, separately. 12.13, occurring at kh=3. 38, 3.26, 3.20, 3 .20 and 3.14, respectively. It is indicated that with 10 increase of L/h, the peak value of ( ) 1 e F -kh curve first increases and then decreases, whereas the kh 11 corresponding to the peak decreases all the time, reflecting the rule of wave diffraction distance as 12 discussed previously in Section 6.1. A similar variation trend of the peak in terms of both peak 13 amplitude and the corresponding kh with L/h also applies to 1,3 e F (see Fig. 12b ). It is also 14 observed from the data of Fig.12b for kh tending to 0 and ∞ (Figs. 14b and 15b) . It is observed that the peak of ( ) ( ) a occurs at the same wave condition kh=3.2. Furthermore, the peak of ( ) ( ) 
c . 3
This can be explained from the view of submerge depth difference between OWC and PA. The 4 submerged depth of OWC is 0.2h, one order of magnitude larger than that of PA (d=0.024h). 5 Therefore, the radiated waves induced by the heave motion of the OWC chamber (or air pressure 6 fluctuation) are generally much weaker than those induced by the PA oscillating in heave mode 7 with the same amplitude. Consequently, the diffraction of those small radiated waves caused by 8 OWC chamber heave motion (or air pressure fluctuation) within the hybrid wave farm is 9 negligible for most wave conditions. As a result, effect of L/h is mainly found on 3 c . 11
Conclusions
12
In this paper, a hybrid wave farm consisting of two types of WEC, OWCs and PAs, was 13
proposed for the first time, and its interaction with the wave field was investigated by means of a Upon validation, the model was applied to investigate the hydrodynamic performance of two 35 configurations of a hybrid wave farm consisting of two OWCs and two PAs, the scales of which 36 are selected from previous researchers Nader (2013), Konispoliatis and Mavrakos (2016) PA) on the same row, and #H2, with one OWC and one PA on each row. We examined how the 40 35 incident wave direction (β) and spacing , i.e., length of the square side line (L), affect the wave 1 excitation volume flux/forces and hydrodynamic coefficients. 2
The following conclusions may be drawn: 3 (i) For configuration #H2 and L/h=0.75, when the incident waves propagate along the 4 diagonal line of the two OWCs, the excitation volume flux and the heave excitation force acting 5 on the lee side OWC is larger than those acting on the wind side OWC for 2.5 < kh < 3.5. This 6 could be due to the waves diffracted from the two PAs toward the lee side OWC. 7
(ii) For kh = 3.3 and L/h = 0.75, the heave wave excitation forces acting on each OWC/PA 8 and the volume flux of each OWC in configuration #H1 are all at a rather large level when 9 incident waves propagate from the side of PAs, i.e., β=π, hence configuration #H1 is expected to 10 absorb more wave power under that incident wave direction. 
c . 19
In sum, the semi-analytical model proposed in this paper was proven to be accurate and 20 effective for assessing the wave excitation volume flux/forces and hydrodynamic coefficients of 21
OWCs and PAs in a hybrid wave farm, and provides a more efficient method compared with a 22 numerical model. The development of this model is the first step toward analytically evaluating 23 the motion/pressure response and performance of a hybrid wave farm in capturing wave power 24 from ocean waves, which is the topic of our next paper. Note energy dissipation might be 25 induced around the sharp corners, while in this paper, such effect was assumed to be 26 negligible. D,  D,  D  ,  ,  , 
